ABSTRACT: A 1 yr study was conducted along a brackish-water production gradient to enhance the understanding of factors governing pelagic food web function. This was achieved by measuring carbon transfer efficiency (TE) from the basal resource to an intermediate trophic level. TE was defined as mesozooplankton carbon consumption rate divided by production at the basal trophic level, which is composed of phytoplankton and bacteria. A north-south transect in the Baltic Sea was used as a model system, with 2 stations each in the Bothnian Bay, Bothnian Sea and Baltic Proper being sampled 5 to 8 × during 2006. In addition, data from monitoring programmes were used, which comprised 10 to 22 samplings stn -1
INTRODUCTION
In pelagic systems, bacteria and phytoplankton are the most important basal producers, and the carbon they produce is transferred to higher trophic levels either through the microbial food web or the classical (herbivorous) food web (Legendre & Rassoulzadegan 1995) . Bacteria that make up the base of the microbial food web consume dissolved organic carbon (DOC) that is derived autochthonously from phytoplankton and other planktonic organisms (Azam et al. 1983) , or from river runoff as allochthonous dissolved organic carbon, ADOC (Hessen 1985a , Moran & Hodson 1990 . The main predators of bacteria are flagellates and ciliates (Riemann & Christoffersen 1993 , Pace & Cole 1996 . Mesozooplankton (e.g. copepods) cannot utilize organisms smaller than ~3 µm (Sherr et al. 1986 , Nejstgaard et al. 1995 and are therefore unable to feed directly on bacteria (Wikner & Hagström 1988) . Carbon transfer through the microbial food web from bacteria to mesozooplankton is therefore sustained by intermediate links such as ciliates (Sherr & Sherr 1984) . Phytoplankton, which form the base of the classical food web, produce biomass through the inorganic compound CO 2 ; some phytoplankton can be consumed directly by mesozooplankton and ciliates. In the classical food web, there is therefore a direct link between basal producers and mesozooplankton.
The relative importance of the 2 pelagic food webs is influenced by nutrient availability; in low-nutrient areas, the microbial food web generally dominates, while the classical food web generally dominates in nutrient-rich systems (Legendre & Rassoulzadegan 1995) . Furthermore, there is temporal succession of the 2 food webs in areas where stratification of the water column leads to exhaustion of macronutrients that increase the relative importance of the microbial food web (Sorokin 1981 , Cushing 1989 . Conversely, the classical food web is important during spring mixing and in upwelling areas where nutrients are constantly replenished.
The carbon transfer efficiency (TE, here defined as the ratio between mesozooplankton carbon consumption rate and basal production) is dependent on the number of trophic levels in the food web. Within and between trophic levels, carbon is lost due to exudation, defecation, sloppy feeding and respiration. In microbial food webs, as compared to classical food webs, increases in the number of trophic levels reduce the amount of carbon reaching higher trophic levels (Sanders & Wickham 1993 , Hessen 1998 . However, in highly eutrophic areas, the abundance of relatively inedible filamentous and toxic algae increases, potentially decreasing the food available to mesozooplankton (DeMott et al. 1991 , Wolfe & Steinke 1996 , and thereby reducing the TE. Despite the presumed low TE in the microbial food web, this food web is important in many ecosystems, especially when autotrophic production is low compared to allochthonous carbon input, since it provides a functional, albeit inefficient, carbon transfer pathway from basal resources to higher trophic levels (Ackefors et al. 1978 , Sherr & Sherr 1988 , Rolff & Elmgren 2000 , Berglund et al. 2007 ).
There are marked gradients from north to south in a number of important environmental variables in the Baltic Sea. For example, salinity increases from 2-3 in the northern Bothnian Bay to 6-7 in the northern Baltic Proper (Voipio 1981) . The most limiting nutrient changes from phosphorus in the north to nitrogen in the south (Graneli et al. 1990 , Wulff et al. 1990 , Andersson et al. 1996 . In the Bothnian Bay, there is a short ice-free period (Andersson et al. 1996) , skewed annual insolation with virtually no light during winter and 24 h of daylight in summer, resulting in a short productive season. This is a low-productive area, with a low autotrophic:heterotrophic ratio (Sandberg et al. 2004 , Samuelsson et al. 2006 . Furthermore, allochthonous inputs of organic carbon are ~4 × higher m -2 in the Bothnian Bay than in the Bothnian Sea and the Baltic Proper (Elmgren 1984) , resulting in a looser relationship between heterotrophic and autotrophic production (Findley et al. 1991 , Sandberg et al. 2004 . Further south, the ratio between autotrophic and heterotrophic production increases (Ackefors et al. 1978 , Sandberg et al. 2004 , and is ~20-fold higher in the Baltic Proper than in the Bothnian Bay (Samuelsson et al. 2006 ). In the more productive Baltic Proper, toxic and filamentous cyanobacteria periodically dominate (Larsson et al. 2001 , Hajdu 2002 , with potential effects on the energy flow up the food web (DeMott et al. 1991) . This shift in composition of the basal resource (phytoplankton + bacteria) from north to south makes this environment useful in examining how TE is affected by the structure of the food web.
The aim of this study was to assess the efficiency of carbon transfer in the planktonic food web up to mesozooplankton in a production gradient and to discuss the main ecological factors governing TE. To assess important ecological factors, biomasses of major organism groups from the 2 food webs were determined, as were species composition of phytoplankton and mesozooplankton. The Baltic Sea with its north-south production gradient was used as a model system. Sampling was performed during all seasons, but conclusions were drawn from the summer/autumn period (Aug-Sep). TE was expected to be low in the Bothnian Bay due to the dominance of small cells in the basal resource (hence, a relatively large number of trophic levels), higher in the Bothnian Sea due to the occurrence of larger cells and thus fewer trophic levels, and again lower in the Baltic Proper due to abundant inedible phytoplankton. We used oxygen consumption as a relative proxy for carbon consumption rate in mesozooplankton. The rationale for this is that oxygen consumption can be converted to carbon utilization by a simple conversion (e.g. Parsons et al. 1977) . Moreover, respiration rate is closely correlated with growth rate due to the energy demanding processes of growth (e.g. Kiørboe et al. 1985 , Thor 2000 .
MATERIALS AND METHODS
Sampling. The data analysed in this study were collected from 6 monitoring stations along a salinity/ production gradient in the Baltic Sea during 2006: 2 stations each in the Bothnian Bay (A5: 65°10' N, 23°14.00' E, depth 90 m, and A13: 64°42.50' N, 22°04.00' E, depth 120 m), Bothnian Sea (C3: 62°39.17' N, 18°57.14' E, depth 195 m, and C14: 62°05.55' N, 18°32.91' E, depth 85 m) and the Baltic Proper (BY31: 58°35.90' N, 18°14.21' E, depth 459 m, H4: 58°59.02' N, 17°43.52' E, depth 31 m) (Fig. 1) . Stns A5, A13, C3, C14 and BY31 are off-shore, whereas Stn H4 is a coastal station in a nutrient-enriched bay. On 5 to 8 occasions from February to November, samples were taken to obtain estimates of bacterial production, mesozooplankton carbon consumption rate and biomass of bacteria, protozoa and mesozooplankton from microscopic counts (Appendix 1). This was in addition to samplings performed as part of the regular monitoring programme (10 to 22 station visits yr -1 ) (Appendix 1). The monitoring programme provided us with data on primary production, bacterial production (Bothnian Bay and Bothnian Sea), phytoplankton species composition and biomass as well as physical and chemical data (Grasshoff et al. 1983 , HELCOM 2009 ). Phytoplankton and bacterial production were measured using conventional isotope techniques (Gargas 1975 , Fuhrman & Azam 1982 and mesozooplankton carbon consumption rate using an oxygen respiration technique. Temperature and salinity were measured using a CTD (SeaBird 911 plus). Nutrients were measured at discrete depths from the surface to the bottom and analysed using an autoanalyzer (TrAAcs/QuAAtro) according to Grasshoff et al. (1983) (Stns A5, A13, C3 and C14) or according to Larsson et al. (2001) (Stns BY31 and H4) .
Phytoplankton biomass and production. Phytoplankton species composition and biomass were determined in depth-integrated samples (Stns A13 and C3, 0-10 m; BY31, 0-20 m; H4, 0-14 m; Table 1 ) at one station each in the Bothnian Bay (A13) and Bothnian Sea (C3) and at both stations in the Baltic Proper (BY31 and H4) at the time of all station visits (Appendix 1). Phytoplankton (> 2 µm) samples were preserved in acidic Lugol's solution and counted after settling in sedimentation chambers (10, 25 or 50 ml) using an inverted microscope (Nikon Eclipse TE 300/ Wild M40). Half of the settling area was scanned for microplankton (20 to 200 µm) at 100× magnification and 1 or 2 diagonals were scanned for nanoplankton (2 to 20 µm) at 400× magnification (HELCOM 2009). Picocyanobacteria (< 2 µm) were counted only 8 to 9 × in the Gulf of Bothnia (Bothnian Bay and Bothnian Sea) and 5 to 6 × in the Baltic Proper. They were analysed from flagellate slides (see below) and counted by autofluorescence with an epifluorescence microscope at 1000 × magnification using green excitation light (510-560 nm, emission wavelength > 590 nm). Thirty large (100 × 100 µm) or small (30 × 30 µm) squares were counted for picocyanobacteria. When the cell number exceeded 50 in the large square, the , 5, 10, 20, 30 1, 5, 10, 40, 60, 80 1, 5, 10, 40, 60, 80, 85 1, 5, 10, 40, 60, 190, 195 1, 5, 10, 40, 60, 110, 125 1, 5, 10, 40, 60, 80, 95 BP 1, 5, 10, 20, 31 1, 5, 10, 40, 60, 81 1, 5, 10, 40, 60, 80, 86 1, 5, 10, 40, 60, 190, 196 1, 5, 10, 40, 60, 110, 126 1, 5, 10, 40, 60, 80 ). To determine differences in phytoplankton size structure between the stations, phytoplankton were divided into 4 size groups: < 2 µm, 2-5 µm, 5-20 µm and > 20 µm, and their contributions to total biomass were estimated.
Primary production was estimated by the 14 C method (Gargas 1975) . Mixed integrated samples from 0 to 10 m depth in the Gulf of Bothnia (A5, A13, C3 and C14) and from 0 to 20 m depth in the Baltic Proper (BY31) ( ). At Stn H4, discrete samples were incubated in situ in 80 ml polycarbonate bottles with 0.2 × 10 6 Bq sodium bicarbonate ( 14 C) at sampling depths of 0, 1, 2, 3, 4, 6, 8, 11 and 14 m (dark bottles at 0, 3 and 14 m) ( Table  1) . To stop 14 C uptake, 5 ml of each sample was transferred to 20 ml scintillation bottles and 300 µl of 5 M hydrochloric acid was added prior to bubbling with air for 30 min to remove excess inorganic 14 C. The samples were analysed in a scintillation counter (Beckman Coulter LS 6500/Packard Tri-Carb 1600 TR) after the addition of 15 ml scintillation fluid. Daily net phytoplankton primary production was estimated from incubation measurements according to HEL-COM guidelines (HELCOM 2009 ) and from in situ measurements according to Larsson et al. (2001) . Depth-integrated values were calculated (using trapetz integration) to obtain estimates of production per unit area (m 2 ), and daily values were calculated by multiplying production by the ratio between total daily photosynthetically active radiation (PAR) and the PAR during the incubation period (Andersson et al. 1996) .
Bacterial biomass and production. Bacterial variables were measured throughout the entire oxygenated water column. Seawater was sampled from 1, 5, 10, 40 and 60 m at all stations except H4, where the sampling depths were 1, 5, 10, 20 and 30 m. In addition, 1 or 2 deeper samples were taken from A5, A13, C14, C3 and BY31, depending on the depth at the station (Table 1) . Samples for estimating bacterial abundance and biovolume were preserved in 0.2 µm filtered formaldehyde to a final concentration of 4%. From each of these samples, 3 to 7 ml was filtered onto 0.2 µm black polycarbonate filters and stained with acridine orange (Zimmerman & Meyer-Reil 1974) . Cell numbers and biovolumes were estimated using an epifluorescence microscope (Zeiss Axiovert 100) at 630 × magnification, in combination with the image analysis technique described by Blackburn et al. (1998) . Carbon biomass (pg C l -1 ) was estimated using the following formula (Norland 1993) :
where CV is cell volume (µm 3 ) and N b is cell density (cells l -1
). Bacterial net production was measured using the [ 3 H-methyl]-thymidine incorporation method (Fuhrman & Azam 1982) . One 1.5 ml sample and one control from each depth (Table 1) methyl]-thymidine at the in situ temperature for 1 h (HELCOM 2009). The incubation was stopped by adding 100 µl of 50% TCA (trichloroacetic acid). The samples were then centrifuged and the pellet was washed with 5% TCA. After adding 1 ml of scintillation fluid, the samples were analysed in a scintillation counter (Beckman Coulter LS 6500/Packard Tri-Carb 1600 TR). Bacterial production at each depth was calculated according to Fuhrman & Azam (1982) , and then depth integrated (trapetz integration) using data for all sampled depths to obtain an estimate of the production per m 2 on each sampling occasion at each station. Mesozooplankton biomass and carbon consumption rate (MZ CCR ). Quantitative zooplankton samples were taken vertically with a WP2 net (90 µm mesh size) from close to the seabed to the surface at each station, except at BY31 where only the oxygenated part of the water column (usually from a depth of 70 or 80 m to the surface) was sampled (Table 1 ). Three to four samples containing viable and active animals representing the zooplankton community (i.e. with the relative distribution of different species and stages) were added to pre-filtered (Whatman GF/F) seawater for the determination of respiration rate. One sample of pre-filtered seawater without mesozooplankton was used as a control. The remaining zooplankton sample was preserved in 4% borax-buffered formaldehyde for analysis of species composition and biomass. The zooplankton material analysed was classified into taxonomic groups according to HELCOM (2009). The preserved zooplankton samples were divided into subsamples using a modified Folsom splitter. At least 500 specimens were counted using a dissecting microscope and the lengths of the first 10 of each species and developmental stage were measured. Included in the 500 were specimens belonging to the zooplankton groups Copepoda and Cladocera. Carbon biomass was estimated from weight -length regressions according to Kankaala & Johansson (1986) and Postel et al. (2007) . The average zooplankton biomass in the seawater was 0.007 µg C ml -1 ± 0.002 SE and the average biomass in the respiration chambers was 15 µg C ml -1 ± 4.57. The concentration was thus much higher in the respiration cham-bers, but this was obligatory to detect a change in oxygen concentration. The biomass in the water was calculated as the mean for the whole water column since the net was hauled from the bottom to the surface. However, zooplankton biomass concentration was probably higher in the upper part of the water column and therefore less different from that in the respiration chambers.
The respiration rate was monitored continuously in enclosed chambers of 5 ml volume by means of a Fibox 3 fiberoptic oxygen meter (PreSens). This novel method of estimating respiration rate uses an oxygensensitive foil of the PSt3 type, with a measuring range of 0 to 250% air saturation (0 to 22.6 mg l -1
). The oxygen sensor input/output of the instrument was connected to a 10-channel mechanical multiplexer, which sequentially connected the fiberoptic cable from the instrument to 10 fiberoptic cables, which were in turn attached at the other end to the outside of each incubation chamber by a plastic holder. A 2 × 2 mm piece of sensitive foil that was facing the end of the optical cable was glued inside each incubation chamber. In all measurements, a temperature sensor was connected to the Fibox 3 for logging of the water bath temperature (common for all channels). All functions were controlled by specially developed software, and the results were displayed graphically in real time. Respiration measurements were recorded over 3 h in darkness using a thermostatic water bath at a temperature corresponding to that in situ in the upper water column. The respiration rate was calculated from log-linear regressions of measurements that produced a better fit of the data than a linear regression, for 1 to 3 h after the start of the incubation. The first hour was excluded because adaptation to the experimental temperature might have caused stress and produced anomalous results. The method that was used to estimate the mesozooplankton carbon consumption rate (MZ CCR ) was based on these respiration measurements, a factor to convert oxygen to carbon units (mg C = mg O 2 × 12/32 × RQ), a respiratory quotient of 0.97 (Ikeda et al. 2000) , and a mean assimilation efficiency of 0.8 to represent both small (0.85) and large (0.75) zooplankton (Lima et al. 2002) , as shown in the formula:
where R is the carbon-mass specific mesozooplankton respiration rate (mg O 2 mg C -1 d -1
), RQ is the respiration quotient, AE is the assimilation efficiency, B is the mesozooplankton biomass (mg C m -3
) and d is sampling depth interval (m). The molar ratio between carbon and oxygen (C:O 2 ) is 12/32. After the respiration measurements were terminated, the samples were preserved in 4% buffered formaldehyde for subsequent species and biomass determination. The same classification and counting procedure as above was used, except that all individuals were counted and measured.
Protozoan biomass. To improve the resolution of the food web structure, we enumerated protozoa, i.e. ciliates and flagellates, from integrated seawater samples (0 to 10 m depth) from all stations using a plastic hose (∅ 5 cm) ( Table 1) . Ciliate samples were preserved in 2% Lugol's solution. Fifty millilitres of each sample were allowed to settle in a sedimentation chamber for 24 to 48 h and half of the area of the chamber was counted at 200 × magnification (e.g. Berglund et al. 2007) . Biomass was calculated according to species and geometry and by using the carbon conversion factor presented by Menden-Deuer & Lessard (2000) . Flagellate samples were preserved in 1% glutaraldehyde. From each sample, 15 ml was filtered onto 0.6 µm black polycarbonate filters and stained with DAPI (Sherr et al. 1992) . One diagonal of the filter was counted in UV light at 1000 × magnification using a Nikon TE 200 epifluorescence microscope. Flagellate biomass was calculated according to their geometry and by using the carbon conversion factor presented by Menden-Deuer & Lessard (2000) .
Carbon transfer efficiency. TE, which is defined as the ratio between mesozooplankton carbon consumption rate (see Eq. 2) and basal production, was calculated using the formula:
Mesozooplankton carbon consumption rate (MZ CCR ), net phytoplankton primary production (PP) and net bacterial production (BP) data are all presented in mg C m -2 d -1 . Statistical analyses. Since seasonal development in the different basins varies considerably because of environmental factors, and the sampling frequency was too low to calculate annual estimates, only data from the summer/autumn months (August and September) were used to test for differences between basins. During this period, all stations were sampled once per month. The 2 stations in each basin were treated as replicates, as were the 2 sampling occasions. Differences between basins in terms of biomass, production, carbon consumption rate and TE were tested using the Kruskal-Wallis nonparametric test (K-W) and Mann-Whitney U-test (M-W) in SPSS 15.0 for MS Windows. We also examined whether the relative proportions of the different phytoplankton size classes differed between Stns A13, C3, BY31 and H4, where phytoplankton biomass was measured. This was also tested for August and September using Kruskal-Wallis nonparametric and Mann-Whitney U-tests. All proportions were arcsin transformed before running the tests, and differences between means were deemed significant if p < 0.05.
RESULTS

Hydrography and nutrients
Surface temperatures started to increase in May in the Gulf of Bothnia and in April in the Baltic Proper, with summer temperatures reaching maxima of ~17°C in the Bothnian Bay (Aug-Sep), nearly 20°C in the Bothnian Sea (Aug-Sep) and > 20°C in the Baltic Proper (early August) ( Table 2) . Thermoclines were present at the stations in the Bothnian Bay from June to September and in the Bothnian Sea stations from May to September, and were especially strong in August and September, particularly in the Bothnian Sea at depths of ~10 to 20 m. In November and December, the water column was vertically well mixed. The deepest station, BY31, had a thermocline between ~15 and 25 m from May to October; this was especially pronounced between mid-July and September. The shallowest station, H4, had a thermocline from late April to October, which was most pronounced in July and August.
Surface salinity increased from north to south, ranging from 2.5-3.5 at the northernmost stations in the Bothnian Bay, to ~5 in the Bothnian Sea and ~6-7 in the Baltic Proper. There were weak haloclines between May and September at the Bothnian Bay stations, and somewhat stronger haloclines that were most pronounced between April and September at the Bothnian Sea stations. At Stn BY31 in the Baltic Proper, there was a pronounced, permanent halocline at depths of ~70 m in winter and ~50-60 m in summer. There was no halocline at Stn H4, but salinity was variable in both surface and deep waters (Table 2) .
Total nitrogen concentrations were relatively stable through the year at all stations. The highest values were found at Stn H4, while those of the other stations were similar (Table 3 ). There were strong latitudinal differences in total phosphorus concentrations, which where lowest in the Bothnian Bay, intermediate in the Bothnian Sea and highest in the Baltic Proper (Table 3 ). The seasonal variations in total phosphorus levels were relatively low in the Gulf of Bothnia, but the summer values dropped to approximately half the of winter values in the Baltic Proper.
Phytoplankton biomass and primary production (PP)
The magnitude of the spring bloom increased ~13 × from north to south. The spring bloom occurred in May in the Bothnian Bay and in April in the other 2 basins, and was dominated by the > 20 µm size fraction (Fig. 2) . Bacillariophyceae, Dinophyceae and autotrophic ciliates were the dominant phytoplankton groups during the bloom (Fig. 3) . After the spring bloom, the phytoplankton biomass stabilized below 200, 400 and 600 mg m -3 in the Bothnian Bay, Bothnian Sea and Baltic Proper, respectively. The > 20 µm size class dominated at all stations throughout the year, except between August and December in the Bothnian Bay, when the 5-20 µm size class dominated (Fig. 2) . The dominant phytoplankton groups after the spring bloom were Bacillariophyceae, Dinophyceae, autotrophic ciliates (all stations), Cryptophyceae (Stn A13) and Cyanophyceae (Stns C3, BY31 and H4) (Fig. 3) cyanobacteria increased in abundance in June to July at both stations in the Baltic Proper, constituting up to 71 and 66% of the total biomass in early July at Stns BY31 and H4, respectively. At Stn C3, this group dominated in November (Fig. 3) . During August to September, total biomass of phytoplankton was 203, 360 and . 'Others' include nanoplankton species < 20 µm (belonging to Cryptophyceae, Chrysophyceae, Euglenophyceae, Prymnesiophyceae, Chlorophyceae, Prasinophyceae, and unidentified nanoflagellates) 560 mg m -3 in the Bothnian Bay, Bothnian Sea and Baltic Proper, respectively. No significant difference was found between the relative proportions of the different size classes or in total biomass during August to September (p > 0.05, K-W test).
PP averaged over the year increased ~1.2-fold from the Bothnian Bay to the Bothnian Sea and another 8-fold in the Baltic Proper (Fig. 4) . During August to September, average PP was 77, 76 and 680 mg C m -2 d -1 in the Bothnian Bay, Bothnian Sea and Baltic Proper, respectively, with PP being significantly higher in the Baltic Proper than in the Bothnian Bay and Bothnian Sea (p < 0.05, K-W with M-W test).
Bacterial biomass and production (BP)
Bacterial biomass at the Bothnian Bay and Bothnian Sea stations was relatively stable throughout the year (Fig. 5) . At the BY31 and H4 stations in the Baltic Proper, bacterial biomass was relatively low during spring and early summer, but increased in late summer and autumn (Fig. 5) . During August to September, average biomass was 18, 21 and 142 mg C m -3 in the Bothnian Bay, Bothnian Sea and Baltic Proper, respectively, with biomass in the Baltic Proper being significantly higher than that in the other 2 basins (p < 0.05, K-W with M-W test). BP was low during winter and highest during the summer months (Fig. 4) . Average production was highest in the Bothnian Sea, and was ~1.7-fold higher than in the Bothnian Bay and ~1.3-fold higher than in the Baltic Proper. A single distinct production peak occurred at the 2 stations in the Bothnian Bay (A5, May and A13, June), while BP peaks occurred in May and September at Stns C3 and C14 in the Bothnian Sea. BP was comparatively low throughout the year at Stn BY31 in the Baltic Proper. There was no distinct peak at Stn H4, although BP increased during the summer months (Fig. 4) . No significant differences in BP were found between the basins in August and September, with average production being 91, 169 and 131 mg C m -2 d -1 in the Bothnian Bay, Bothnian Sea and Baltic Proper, respectively (p = 0.092, K-W with M-W-test).
Basal production (BP + PP)
The average ratio between phytoplankton and bacterial production increased from ~1:1 in the Gulf of Bothnia to ~9:1 in the Baltic Proper. The total basal production, i.e. the sum of phytoplankton and bacterial production, showed a strong north-south gradient, being lowest in the Bothnian Bay (33 to 428 mg C m -2 d ). During August to September, the average basal production was 168, 245 and 811 mg C m -2 d -1 in the Bothnian Bay, Bothnian Sea and Baltic Proper, respectively, with differences between all basins being significant (p < 0.05, K-W with M-W test).
Mesozooplankton biomass and carbon consumption rate (MZ CCR )
Mesozooplankton biomass was low during winter and started to increase in April to May, reaching maximum values between July and September (Fig. 6) . Yearly mesozooplankton biomass increased 1.6-fold from the Bothnian Bay to the Bothnian Sea and a further 2.5-fold in the Baltic Proper. Calanoid copepods dominated the mesozooplankton assemblage during most of the year in all basins (Fig. 6) . The diversity of calanoid copepods increased from north to south: only 3 different genera (Acartia spp., Eurytemora sp., Limnocalanus sp.) were found in the Bothnian Bay where Limnocalanus sp. (L. macrurus) dominated throughout the year (Fig. 7a) . In the Bothnian Sea, 2 additional genera were found, i.e. Temora spp. and Pseudocalanus spp. L. macrurus also dominated during most of the year in this basin, but Eurytemora sp. (E. affinis) was somewhat more dominant in September (Fig. 7a) . In addition to the above mentioned genera, the genus Centropages spp. also occurred in the Baltic Proper. During spring and early summer (Mar-Jun), Acartia spp. (A. bifilosa, A. longicornis and A. tonsa) dominated in the Baltic Proper, whereafter E. affinis increased in abundance, dominating during the rest of the year (Fig. 7a ). Cladocerans were mainly found during late summer when surface temperatures were between 15 and 20°C (Fig. 6 ). They constituted a large fraction of the total biomass at Stns BY31 (63%) and C14 (77%) in August and September when the mesozooplankton biomass was at a seasonal maximum (Fig. 6) . Among the cladocerans, Bosmina spp. dominated in all basins (Fig. 7b) . The other cladocerans that were observed were Daphnia spp. (occurred during spring and autumn), Podon spp. (mainly abundant during summer and early autumn, June-Sep), and Evadne spp. (dominated in June in the Bothnian Sea and Baltic Proper) (Fig. 7b) . No significant difference in mesozooplankton biomass was found between the basins during August to September (p = 0.276, K-W test) when average mesozooplankton biomass was 6, 13 and 19 mg C m -3 in the Bothnian Bay, Bothnian Sea and Baltic Proper, respectively.
The carbon consumption rate (mg C m -2 d -1
) followed the same pattern as the mesozooplankton biomass, i.e. it was low during winter (Nov-Mar) at all stations and increased towards late summer (Fig. 4) . The average mesozooplankton carbon consumption rate was highest in the Bothnian Sea: ~1.3-fold higher than in the Bothnian Bay and ~3.1-fold higher than in the Baltic Proper. During August to September, average MZ CCR was 119, 418 and 164 mg C m -2 d -1 in the Bothnian Bay, Bothnian Sea and Baltic Proper, respectively (Fig. 4) . No significant differences in MZ CCR were found between basins during this time period (p = 0.087, K-W test).
Protozoan biomass
In the Bothnian Bay, ciliate biomass was rather low at all sampling times except in June (Fig. 5) . In the Bothnian Sea, the biomass was generally higher and peaked early, in April to May. At Stns BY31 and H4 in the Baltic Proper, ciliate biomass was comparatively low, except in October at Stn BY31 (Fig. 5) . No significant difference in average total biomass was found between the different basins (3.2, 4.3 and 4.2 mg C m -3 in the Bothnian Bay, Bothnian Sea and Baltic Proper, respectively) in August to September (p > 0.05, K-W test). Flagellate biomass was highest in summer at all stations, and was similar between the different basins (Fig. 5) . During August to September, average biomass was 2.4, 1.4 and 2.1 in the Bothnian Bay, Bothnian Sea and Baltic Proper, respectively, and did not differ significantly between the basins (p > 0.05, K-W test).
Relationship between mesozooplankton carbon consumption rate and basal productioncarbon transfer efficiency (TE)
To assess the spatial and temporal variations in carbon transfer through the pelagic food webs in the Baltic Sea, we calculated the ratio between mesozooplankton carbon consumption rate and basal production, i.e. the TE. In the Gulf of Bothnia (Bothnian Bay and Bothnian Sea), the TE was highest from August to September, whereas it was highest between June and August in the Baltic Proper (Fig. 8) . In the Bothnian Bay, Bothnian Sea and Baltic Proper, the TE varied from 0.005 to 1.2, 0.005 to 3.3 and 0.006 to 0.7, respectively (Fig. 8) . During August to September, the average TE was 0.78, 1.60 and 0.21 in the Bothnian Bay, Bothnian Sea and Baltic Proper, respectively. A significant difference was found between the basins during this period (p = 0.035, K-W test): the Bothnian Sea had significantly higher TE than the Baltic Proper (p = 0.029, M-W test), whereas the differences between the Bothnian Bay and the Baltic Proper and between the Bothnian Bay and the Bothnian Sea were not significant (p = 0.057 and 0.686, respectively; M-W test).
DISCUSSION
Carbon TE was estimated along a production gradient -from an area of low production (Bothnian Bay) through an area of intermediate production (Bothnian Sea) to an area of high production (Baltic Proper). In accordance with our hypothesis, TE was found to be highest in the Bothnian Sea and lowest in the Baltic Proper.
We expected the phytoplankton size structure to affect mesozooplankton abundance, and thus also the TE. The optimal cell size for high clearance rates has been shown to be in the range of 3 to 17 µm ESD (equivalent spherical diameter) for the calanoid copepod Calanus finmarchicus (Nejstgaard et al. 1995 ). An increase in cell size from north to south was expected, based on nutrient (mainly phosphorus) concentrations (Wulff et al. 1990 , Legendre & Rassoulzadegan 1995 . In areas with low nutrient concentrations, small algae and bacteria tend to dominate (Legendre & Rassoulzadegan 1995) . In areas with medium to high nutrient concentrations, algae are more likely to be of optimal size, i.e. 3 to 17 µm, and the food web should therefore be more efficient. In highly nutrient-rich areas, there are often higher numbers of nuisance and inedible algae (Wolfe & Steinke 1996) , which may reduce the TE. Accordingly, a peak in TE was noted in the middle basin in this study. However, cells of the optimal size in the phytoplankton community were most abundant in the nutrient poor Bothnian Bay. The 5-20 µm size fraction dominated during autumn at Stn A13. Thus, the relatively high TE in the Bothnian Bay can partly be explained by the abundance of optimally sized phytoplankton cells. However, this does not entirely explain the differences in TE since phytoplankton > 20 µm dominated throughout the year in the Bothnian Sea. A possible explanation is that although the phytoplankton community was dominated by cells > 20 µm, these served as food for the mesozooplankton in this basin. The largest calanoid copepod in the Baltic Sea (Limnocalanus macrurus) was dominant in this basin, and is known to feed on larger phytoplankton (Warren 1985) . This species was not as abundant in the Baltic Proper, which could potentially explain some of the difference in TE that was observed between these 2 basins. We further expected the TE to be low in the highly productive Baltic Proper due to the occurrence of inedible algae. Some species of cyanobacteria are toxic and have been shown to negatively affect both the survival and abundance of mesozooplankton (DeMott et al. 1991 , Roy et al. 2007 . However, other studies have shown that some calanoid copepods are able to feed, survive and reproduce when fed with toxic cyanobacteria (e.g. Nodularia spumigena; Koski et al. 2002 , KozlowskySuzuki et al. 2003 . Even so, cyanobacteria are a poor quality food source containing low amounts of essential fatty acids (Brett & Müller-Navarra 1997 and references therein). In accordance with our hypothesis, the lowest TE was indeed found in the Baltic Proper where cyanobacteria were abundant during August and September. However, they were also abundant in the Bothnian Sea, but not until later during autumn. Therefore, during our investigated period (Aug-Sep), cyanobacteria were much more abundant in the Baltic Proper, which potentially caused a reduction in the energy transfer between basal producers and mesozooplankton. Instead of a direct link between phytoplankton and mesozooplankton, the carbon reaches higher trophic levels via the microbial food web by excretion and cell lysis . This leads to more trophic levels between the food source and the top predator. We therefore suggest that the phytoplankton size structure as well as the community composition are important factors influencing the TE. Cladocerans are able to feed on smaller particles (i.e. bacteria) compared to copepods (Nejstgaard et al. 1995 , and less trophic levels are therefore needed between bacteria and cladocerans than between bacteria and copepods. If cladocerans are the dominant mesozooplankton, energy losses from the microbial food web would be lower. Therefore, in areas with a high ratio between heterotrophy and autotrophy, cladocerans are likely to be important for an efficient energy transfer. The ratio between heterotrophy and autotrophy was 1:1 in the Gulf of Bothnia and ~1:9 in the Baltic Proper. Cladocerans dominated in the Bothnian Sea during August to September, especially at Stn C14 in September, and also at Stn BY31 in August. Due to the higher ratio of heterotrophs to autotrophs in the Bothnian Sea, cladocerans should be of higher importance for energy transfer in this basin than in the Baltic Proper. This could therefore be one major reason for the high TE observed in the Bothnian Sea. Furthermore, the species composition could also have an impact on the TE. In the area with low production, Limnocalanus macrurus dominated; L. macrurus as well as Eurytemora affinis dominated in the area with intermediate production; and E. affinis dominated in the area with high production during August to September. L. macrurus feeds on net phytoplankton, rotifers, as well as nauplii and copepodite stages of cyclopoids and calanoids (Warren 1985) . E. affinis, on the other hand, is roughly half the size of L. macrurus and is known to feed on smaller particles such as detritus and small phytoplankton (Heinle & Flemer 1975 , Gulati & Doornekamp 1991 . This could further explain the high TE in the Bothnian Sea where most of the food size spectrum should be readily available for either of the 2 dominant copepods. However, species composition does not explain the relatively high TE in the area with low production or the relatively low TE in the area with high production. According to Work et al. (2005) , carbon transfer should be high in areas with large grazers and small phytoplankton and low in areas with small grazers and large phytoplankton. This agrees with our results, with the large copepod L. macrurus and small phytoplankton dominating in the area with low production, and E. affinis and large phytoplankton dominating in the area with high production. It therefore seems that both the phytoplankton size spectrum and the mesozooplankton community structure can explain a large part of our observed TE pattern.
Ciliate biomass exhibited a peak in the middle of the transect from north to south, with the highest, albeit insignificant, biomass being found in the Bothnian Sea. In contrast, flagellate biomass showed the opposite trend, with the lowest biomass (again insignificant) being observed in the Bothnian Sea. Thus, the protozoan community does not seem to explain the relative differences in TE between the investigated areas.
In this study, only bottom-up effects were investigated. However, top-down effects are very likely to affect the observed pattern since planktivorous fish reduce zooplankton biomass (Möllmann & Köster 1999 ). Herring and sprat, which are both planktivores, are the dominant fish species in the Gulf of Bothnia, whereas herring, sprat and cod (a piscivore) dominate in the Baltic proper (ICES 2007) . Herring and sprat have a direct influence on zooplankton biomass (Möll-mann & Köster 1999 , Köster & Möllmann 2000 , whereas cod should release some of the predation pressure exerted by the planktivores. However, based on total landings, i.e. the total amount (in weight) caught and brought to shore, the only species that are important for the mesozooplankton are the planktivores. The landings of herring and sprat in the Baltic Proper was ~17 × higher km -3 compared to that in the Bothnian Bay and 2 × higher compared to that in the Bothnian Sea (HELCOM 1990 , ICES 2007 . This suggests that the zooplankton in the Baltic Proper experiences a higher predation pressure (reducing the observed TE) compared to the other basins, especially Bothnian Bay. However, this top-down effect is not as strong as the bottom-up effect. Comparing the Bothnian Sea and the Baltic Proper, basal production increased 4.5 × on average from the former to the latter, whereas the top-down pressure only increased 2 ×. We therefore argue that although top-down effects were not investigated in this study, it would not influence the major trends in TE.
As already mentioned, a large proportion of the carbon produced by phytoplankton and bacteria is lost from the food web via respiration, sloppy feeding, excretion and export to the benthos. However, some of the excreted carbon can be utilized by bacteria and is thus returned to the food web. Exudation from phytoplankton was not measured in our study; thus, there may be an error in our calculations of TE. To investigate the importance of this potential error, we calculated TE in another way, excluding phytoplankton exudation from the primary production measurements. Larsson & Hagström (1982) estimated phytoplankton exudation to be 12% in a eutrophic area and 16% in a less nutrient rich area. We therefore used the average of these 2 values (14%) in our calculation. This showed that we might have underestimated the TE by a few percent (0 to 12%), but this should not affect the trends recorded between the basins.
Our data on primary and bacterial production are in agreement with data from earlier studies of the 3 basins (Andersson et al. 1996 , Samuelsson et al. 2006 , Sandberg 2007 . Primary production was measured by the incubation method in all stations, except for Stn H4 where in situ measurements were performed. A 5 yr comparison of incubation and in situ estimates of daily summer (Jun-Aug) primary production in the Baltic Proper (BY31) reveals a nearly systematic underestimation by the incubation method (average 30%, range 41 to 128%) (Larsson et al. unpubl.) . If these results are applicable to data from the Bothnian Bay and Bothnian Sea, the TE from Stn H4 may have been underestimated relative to those from the other stations. However, increasing the PP by 30% from all stations except Stn H4 does not affect our conclusions.
To our knowledge, no previous study has measured the mesozooplankton carbon consumption rate using a similar physiological method. This method of estimating consumption rate does not account for excretion losses or carbon incorporated as growth. The former is a minor factor accounting for <1% of the body carbon d -1 (cf. Båmstedt & Tande 1985) , but the latter may be a significant proportion of the carbon consumption rate during certain times of the year. However, since somatic growth is an energy demanding process, variability in the growth rate will also be reflected in the respiration rate (Thor 2000 and references therein). Our method of estimating relative mesozooplankton carbon consumption rate, therefore, reflects real seasonal variations as well as differences between geographical locations with different food conditions. To evaluate the relevance of the results obtained, we compared these with zooplankton production calculated based on mesozooplankton biomass and a temperature-growth relationship (Hirst & Sheader 1997) . The mesozooplankton carbon consumption rate was linearly related to zooplankton production (Aug-Sep: r 2 = 0.8551, p < 0.001, data not shown), indicating that the carbon consumption rate method can be used for studying food web function. Furthermore, both the traditional method of calculating zooplankton production and the measured carbon consumption rate generated similar patterns along the north-south production gradient in the Baltic Sea, indicating that our assessment of pelagic food web function is reliable. The main factor responsible for the close correlation between mesozooplankton carbon consumption rate and zooplankton production is biomass, which is included in both estimates. Our biomass estimates were comparable with those obtained in other studies (Kankaala 1987 , Johansson 1997 , Huseby & Wikner 2007 . A wide range of assimilation efficiency (AE) values have been published (32.5 to 92.1% for mixed zooplankton; Conover 1966). However, since we used a mean value of AE that represented both small and large zooplankton (Lima et al. 2002) , we believe that our estimated TE is reliable.
CONCLUSIONS
In accordance with our hypothesis, the highest carbon TE was found in the area with intermediate production, while the lowest and intermediate TEs were observed in the areas with high and low production, respectively. The main factor that seems to explain this pattern is the mesozooplankton species composition in relation to the size structure of the food particles (mainly phytoplankton), where a high predator volume to prey volume ratio (i.e. large mesozooplankton and small phytoplankton) seems to produce a high TE. Furthermore, in areas where the microbial food web is important, cladocerans seem important in sustaining a high TE. In areas where both the microbial food web and large phytoplankton are important, a wide range of mesozooplankton is favoured, thereby sustaining an efficient carbon transfer up the food web. However, in areas with a high nutrient input from land, the abundance of toxic and filamentous phytoplankton is likely to increase. This affects the feeding response of mesozooplankton, and the carbon instead reaches higher trophic levels through the microbial food web, causing a low TE. 
